Abstract dependent on pH. Some aquatic freshwater plants can only take up CO 2, while others can also use bicarbonate
Introduction studied, nor have the photosynthetic characteristics related with this process. The use of electrophysiological Inorganic carbon in freshwater is present in three chemical species (CO 2 , HCO− 3 and CO2− 3 whose proportion is techniques to study inorganic carbon transport offers the a soda-lime filter (ADC, Hoddesdon, UK ). Immediately before possibility of simultaneously monitoring the changes on the photosynthesis measurements, 2 ml of CO 2 -free S-medium internal pH and membrane potential on the addition of were placed into the oxygen electrode chamber and a known different forms of inorganic carbon. Published examples quantity of a solution of 0.1 N NaOH was added to restore the of the use of these techniques are few (Spanswick, 1970, pH. The medium was buffered at the desired pH with the following solutions: 0.5 M MES adjusted to pH 5.5, 6 or 6.5
1974; Kaplan et al., 1982; Rotatore et al., 1992) and with 1 N NaOH, 0.5 M KH 2 PO 4 adjusted to pH 6.5, 7 or 7.5 sometimes contradictory. The aim of the present work is with 1 N NaOH, 0.5 M TRIS adjusted to 8, 8.5 or 9 with 0.1 N to investigate which form of inorganic carbon is taken NaOH, and 0.5 M glycine adjusted to 9.5, 10.0 and 10.5 with up by R. fluitans by studying its photosynthetic character-1 N NaOH. Once the buffer was added at a concentration of istics and also to study the influence of CO 2 and bicarbon-20 mM, the thalli were placed into the chamber. When no net photosynthesis was observed, NaHCO 3 was added to a final ate on the membrane potential and the cytoplasmic pH concentration of 100 mM. Every pH was assayed in triplicate.
measured by means of ion-selective microelectrodes. Additionally, plants grown at high and low CO 2 concen- Edwards and Walker (1983) using a non-linear regression computer program ( Kaleidagraph, Synergy Software, Culture conditions PA, USA) Control plants were grown as described by Felle (1981a) . In short, plants were cultivated in a solution that contained Inhibitors micronutrients (Murashige and Skoog plant salts, Serva, Photosynthetic rates at pH 5.5 and 8.2 were measured in the Germany), 0.1 mM KCl, 0.1 mM CaCl 2 and 2 mM presence of azetazolamide (AZ, Sigma, St Louis, USA), and NaH 2 PO 4 /Na 2 HPO 4 pH 6.7. The plants were cultured in 4,4∞-diisothiocyanostilbene-2,2∞-disulphonate (DIDS, Sigma) at closed flasks and a beaker that contained a solution 2 M a final concentration of 200 mM and 500 mM, respectively. In KHCO 3 /K 2 CO 3 (3/1) was placed inside as a source of CO 2 . these experiments the S-medium was buffered with 20 mM MES These plants were considered as the controls. R. fluitans was pH 5.5 or 20 mM TRIZMA 8.2 (Sigma). In both cases NaHCO 3 also cultivated in alkaline conditions, with bicarbonate as the was added at a concentration of 2.5 mM. main C i source ( low-CO 2 plants), and at 1% CO 2 (high-CO 2 plants). In the first case, the above-described medium was Carbonic anhydrase activity buffered at pH 8.2 with 2 mM TRIZMA (Sigma, USA) and contained 2.5 mM NaHCO 3 . The CO 2 -generating solution was Soluble carbonic anhydrase (CA) was extracted and assayed as not used and a plastic grid was placed over the plants to avoid described in García-Sánchez et al. (1994) . External carbonic contact with air. The high-CO 2 plants were cultivated with anhydrase in intact thalli of R. fluitans was measured as in continuous bubbling of the culture medium with air enriched Haglund et al. (1992) . in CO 2 (1% final concentration); as a result of this treatment the pH dropped to 5. The plants were kept for at least 4 d in Electrophysiology the new conditions before doing any experiments. All the Membrane potentials were measured using the standard glass cultures were maintained at constant temperature (25°C ) with microelectrode technique as described in Felle (1981a, b) . a photoperiod of 16 h. The photon fluence rate from fluorescent Capillary glass, 1.5 mm external diameter (Hilgenberg, tubes (NEC Biolux T10, FL 40 SBR) was 30 mmol m−2 s−1.
Germany), containing an internal filament was pulled using a Irradiance was measured with a spherical quantum sensor (193 horizontal puller (Narishige PD-5, Japan). Tip diameters were SB; Li-Cor, Nebraska, USA) connected to a radiometer 0.3 to 0.5 mm. Microelectrodes were backfilled with 0.5 M KCl. (Li-1000, Li-Cor).
Micropipettes were fixed to electrode holders containing a Ag/AgCl pellet, connected to a high-impedance differential Oxygen evolution amplifier FD-223 ( WPI, Sarasota, Fla., USA). For the Photosynthetic rates were measured with an oxygen electrode measurement of internal pH, doubled-barrelled microelectrodes (Hansatech, Kings Lynn, UK ). Samples of 0.02-0.03 g fresh were used and prepared as in Felle and Bertl (1986) . In short, weight were placed in a chamber containing 2 ml of solution.
the double-barrelled capillaries of unequal diameters (1.5 mm Light was provided by a slide projector equipped with neutral and 0.75 mm, Hilgenberg) were twisted 180°and pulled on the density filters to achieve a photon fluence rate of 150 mmol m−2 Narishige instrument. The electrodes were heated at 180°C for s−1, saturating for photosynthesis. Temperature was maintained 30 min in an oven, the pH-leg was silylated dipping it, still hot, at 20°C with a circulating water bath. Photosynthesis rates in a mixture of 0.1% dimethyldichlorosilane/chloroform soluwere calculated as mmol O 2 g−1 FW−1 min−1. tion, after which the electrodes were heated again at 180°C for 60 min. Once cold, the tips were immersed in a solution Photosynthesis rate at different pH of approximately 0.15 g polyvinylchloride (PVC ) in 8 ml of tetrahydrofuran and suction was applied to the pH-leg. The To obtain a medium without inorganic carbon, a known quantity of 0.1 N HCl solution was added to a medium that pH-leg was filled with the proton resin (Fluka No. 95297) using a glass pipette and applying a gentle pressure. Once air-bubbles contained 0.1 mM KCl, 0.1 mM Ca 2 Cl, and 0.1 mM NaCl (simplified medium, S-medium) to drop the pH to 4. Then the had moved out from the resin, the pH-leg was backfilled with a 0.5 M KCl and 0.1 M MES pH 4.3. The voltage-leg had been S-medium was bubbled for at least 5 h with CO 2 -free air, using backfilled with 0.5 M KCl previously to prevent clogging of the tip with PVC. The signals from the pH and the membrane potential electrodes were measured and simultaneously subtracted by the same amplifier as above. The difference was calibrated with phosphate buffers.
The medium used for electrophysiological measurements was usually the S-medium buffered with 10 mM MES-TRIS at pH 7.3. Signals were continuously recorded with a pen chart recorder ( Kontron, W+W 540, Basel, Switzerland) . Experiments were performed under the microscope with light adjusted to 200 mmol m−2 s−1.
Calibration of pH electrodes
The electrodes were calibrated before and after the experiments. A calibration of a double-barrelled pH electrode, in which the pH-slope was 50 mV/pH unit, is included in Fig. 5 . 
Results
The inorganic carbon concentration used was 2.5 mM. The values are the mean±SD (n=10).
Photosynthesis versus pH
The apparent photosynthesis (APS) of control plants was of light, C i , pH, and temperature the measured photosynmeasured at different pH and at an initial concentration thetic rate is 1/20 the uncatalysed rate of CO 2 production. of 100 mM inorganic carbon (C i ) ( Fig. 1) . The maximum Although the plants cultivated at pH 8.2, 2.5 mM C i value was obtained at pH 5.5 and then APS declined as ( low-CO 2 treatment) and the plants cultured at 1% CO 2 pH increased. Oxygen evolution reached zero at pH 7.5.
(high-CO 2 treatment) showed higher photosynthetic rates Using a higher initial C i concentration (2.5 mM C i ), APS than control ones at pH 5.5 and 2.5 mM C i (Fig. 2) , there showed positive values at pH 8.2 ( Fig. 2, control ) . The were no significant differences between these treatments theoretical CO 2 supply coming from the spontaneous (t-test, a=0.05). However, at pH 8.2 and 2.5 mM C i , dehydration of bicarbonate was computed as described low-CO 2 plants showed higher and significantly different in Johnson (1982) and Raven et al. (1990) . In 2 ml of photosynthetic rates than control and high-CO 2 plants medium (2.5 mM
1.8×10−4, pK 1 6.35 pK 2 10.33), a value of 3.22 nmol CO 2 s−1 was obtained. The observed O 2 evoluPhotosynthesis at different C i concentrations tion under the same conditions, using between 0.02-0.03 g The response of APS at increasing C i concentrations was FW of plant, was 0.16 nmol s−1. Under these conditions measured at pH 7.3 and at saturating irradiance ( Fig. 3) . value: 363±120 mM C i ) than in high-CO 2 and control plants, which showed values of 582±92 mM C i and 671±127 mM C i , respectively. The differences between Effect of CO 2 and HCO− 3 on the membrane potential and calculated values of C i compensation points (31.8±10.9, internal pH 21.9±13.8 and 13.4±8.7 for control, low-CO 2 and high-R. fluitans showed a membrane potential of CO 2 plants, respectively) were only significant between −245±17 mV (n=20) in the assay medium (pH 7.3). the control and high-CO 2 treatments (t-test, a=0.05). When C i was added at a concentration of 0.1 mM Carbonic anhydrase activity (NaHCO 3 ) a transient hyperpolarization of the E m was detected. Assays using the same concentration of NaCl No external carbonic anhydrase activity could be detected indicated that the hyperpolarization could not be attribin intact thalli of R. fluitans in any of the treatments, but uted to sodium ions (data not shown). When the pH of soluble carbonic anhydrase activity could be measured in the assay medium was decreased to 6 the hyperpolarizhomogenates from the plants ( Table 1 ). The activity was ation produced was higher than at pH 7.3 and when the similar in control and high-CO 2 plants (t-test, a=0.05), pH was increased to 9 a small depolarization was observed but the plants cultivated at low-CO 2 concentrations ( Table 3) . showed higher values (4-fold ) than control plants.
When the medium was bubbled with air enriched in CO 2 (1% final concentration) a quick and transient hyperEffect of AZ and DIDS polarization of roughly 20 mV, and a transient acidThe possibility that the direct uptake of bicarbonate ification of cytoplasmic pH (pH c ) of 0.2 units were occurs by an anion-exchange type mechanism was anaobserved (Fig. 4) , followed by a depolarization of 20 mV. lysed using DIDS, which have been proved to inhibit When CO 2 was washed out the opposite response was photosynthesis in several algae (Drechsler et al., 1993;  monitored: a rapid depolarization of roughly 60 mV was Merrett et al., 1996) . DIDS did not decrease the photodetected at the same time that the pH c alkalinized. This synthetic activity of control plants either at pH 5.5 or at was followed by a slower repolarization of about 80 mV pH 8.2. Plants grown at high-and low-CO 2 showed the and a small hyperpolarization that re-established the same response. AZ, an inhibitor of carbonic anhydrase resting E m . When C i (1 mM NaHCO 3 ) was added to the activity, had no effect on photosynthetic rate at pH 5.5, medium at pH 7.3, a transient acidification of 0.05 units but at pH 8.2 the photosynthetic rate decreased significand a transient hyperpolarization of 8 mV was detected antly in all treatments ( Table 2 ). The effect of AZ on the ( Fig. 5a ). When C i was washed out the depolarization photosynthetic rate in control and high CO 2 plants was was lower than with 1% CO 2 . When the same concentrasimilar, but the inhibition was higher in plants cultured tion of bicarbonate was added to a medium buffered at at low CO 2 . pH 8.3 the observed change of pH c was negligible ( Fig. 5b) . Fig. 4 . Effect of bubbling with 1% CO 2 on the membrane potential (E m ) and cytoplasmic pH (pH c ) in a single Riccia thallus cell. The assay medium was 0.1 mM KCl, 0.1 mM CaCl 2 , 0.1 mM NaCl buffered with 10 mM MES-TRIS at pH 7.3. At the point indicated by the arrow the medium was bubbled with air enriched in CO 2 (1% final concentration). The middle trace represents the membrane potential, the lower trace represents the sum of the membrane potential and the potential due to proton concentration; the difference between both traces is depicted above.
Discussion
The response of the photosynthetic rate (APS) to pH indicates that CO 2 , as in other bryophytes (Raven et al., 1985) , is the inorganic carbon form used by R. fluitans, as the photosynthetic rate at pH 5.5 (and 100 mM C i ) is ten times the photosynthetic rate measured at pH 7. When the C i concentration is increased at alkaline pH (2.5 mM, pH 8.2) the plant shows values of APS that are only use of bicarbonate, however, the theoretical CO 2 supply trace in the middle represents the membrane potential, the lower trace is the sum of the membrane potential and the potential due to proton coming from the spontaneous dehydration of bicarbonate concentration; the difference between both traces is depicted above. A at pH 8.2 and 2.5 mM C i seems to be sufficient to support calibration of the pH-electrode using phosphate buffers is also showed the photosynthetic rate observed under these conditions. on the right.
Other results also suggest that bicarbonate is not used by the plant: the absence of external CA excludes the pH could be related to differences in permeability of the catalysed bicarbonate conversion to CO 2 and the inseninhibitor (Shiraiwa and Kikuyama, 1989) . sitivity of APS to DIDS, an anion-exhange inhibitor which inhibits bicarbonate uptake in some marine algae Cultivation at high and low CO 2 ( Drechsler et al., 1993; Merrett et al., 1996) , indicates that bicarbonate could not be incorporated directly by There is no clear evidence for low-CO 2 -induced changes on photosynthetic characteristics in R. fluitans. When the this kind of transporter.
The photosynthetic rate is inhibited by AZ at pH 8.2 plant is cultivated under these conditions there is an increase in the C i affinity, but there is no significant but not at pH 5.5. This result suggests, as external CA activity could not be detected, that internal CA activity change in the compensation point for C i , and the maximum APS at pH 7.3 is lower than in control and highwould be important for photosynthesis at alkaline pH but not at acid pH. Similar results with CA inhibitors CO 2 plants. However, these plants show a photosynthetic rate at pH 8.2 higher than control and high-CO 2 plants have been obtained in Chara (Shiraiwa and Kikuyama, 1989) . However, differences in AZ inhibition at different ( Fig. 2) . The increase in the photosynthetic capacity at alkaline pH seems not to be related to the induction or of a pH c -dependent electrogenic pump. This explanation can also be invoked here. It is known that the E m in R. increase in external CA activity as detected in unicellular algae (Badger, 1987) nor to direct bicarbonate uptake by fluitans depends on the activity of a plasma membrane ATPase that pumps out protons (Felle, 1981a, b) . The an anion exchanger since DIDS had no effect on photosynthetic rate in these plants. However, soluble CA activity of the proton pump is modulated by the pH c ( Felle, 1991) so the acidification produced by the diffusion activity increases 4-fold in this treatment and the photosynthetic rate of these plants at pH 8.2 is more sensitive of CO 2 inside the cytoplasm would activate the pump causing a hyperpolarization of the E m . That is, CO 2 to the addition of AZ. The role that this internal CA activity could have in the increased photosynthetic capawould have the same effect of weak acids on E m and pH c , as it has been shown in Sinapis alba root hairs (Felle, city of R. fluitans at alkaline pH is unclear.
The cultivation at high-CO 2 concentration does not 1987).
The depolarization that follows to the initial hyperchange the kinetic photosynthetic parameters of the plants. This result was also observed in the unicellular polarization could be explained by the excretion of HCO− 3 and possibly Cl− through anion channels (D alga Hydrodictyon reticulatum (Rybová et al., 1991) . However, the photosynthetic rate at pH 8.2 was lower in Sanders, personal communication), as the use of Zn, an anion channel blocker, inhibited this response (data not plants cultured at high CO 2 than in control plants, but no significant change in CA activity was detected with shown). The drop in E m to diffusion potential levels observed after CO 2 removal could be then due to a respect to the control. cytoplasmic deficit in negative charges. Finally the operation of the plasma membrane ATPase would restore the Effect of inorganic carbon on E m and pH c E m to its resting value. The weaker effect on pH c produced by the addition of The addition of inorganic carbon at pH 7.3 produces a hyperpolarization of the E m and an acidification of pH c . bicarbonate to the assay medium could be explained by the entrance of low concentrations of CO 2 coming from The response to the addition of the same concentration of C i is lower as pH increases suggesting that the effect the spontaneous dehydration of bicarbonate outside the cell. should be attributed to the presence of CO 2 rather than to the uptake of bicarbonate, as the other experiments
The analysis of the effect of C i over E m and pH c presents the same drawback as other methods, that is, have shown.
In the unicellular alga Eremosphaera viridis the addition the difficulty discriminating between the C i species producing the effects, but it can be a useful tool in plant species of 0.1 mM C i at the same pH caused a hyperpolarization of 1±6 mV (Rotatore et al., 1992) , that is, of the same that show a direct bicarbonate uptake system as the order as found in R. fluitans. It has been shown by mass operation of the transporter should have a visible effect spectrometry that this alga takes CO 2 preferentially and over E m , pH c or other internal ion concentrations. that it has a limited capacity for HCO− 3 uptake (Rotatore et al., 1992) . Thus the hyperpolarization observed in R. fluitans seems to be related to CO 2 uptake. The reduced Acknowledgement effect of the addition of C i on pH c at pH 8.2 suggests that the acidification of pH c is also due to the presence This work was supported by grant no. PB95-0476 of the Spanish Directorate for Science and Technology.
of CO 2 . When the medium is enriched with CO 2 (1% CO 2 ) the hyperpolarization is bigger than when CO 2 /HCO− 3 are added in mM/mM range. This hyperpolarization, 20 mV,
